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Abstract

The culture of human embryonic stem cells (hESCs) is limited, both technically and with respect to clinical potential, by the use
of mouse embryonic fibroblasts (MEFs) as a feeder layer. The concern over xenogeneic contaminants from the mouse feeder cel
may restrict transplantation to humans and the variability in MEFs from batch-to-batch and laboratory-to-laboratory may contribute
to some of the variability in experimental results. Finally, use of any feeder layer increases the work load and subsequently limits
the large-scale culture of human ES cells. Thus, the development of feeder-free cultures will allow more reproducible culture
conditions, facilitate scale-up and potentiate the clinical use of cells differentiated from hESC cultures. In this review, we describe
various methods tested to culture cells in the absence of MEF feeder layers and other advances in eliminating xenogeneic produc
from the culture system.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Human embryonic stem cells; MEF; Feeder-free cell culture; Matrigel

Contents
IS 11 o Yo [ T o S 00
2. ARErNatiVe fEBAEI CeIIS . . o ot e 00
3. FEEAEI-IEE CURULE . . .. o ottt ettt et et et et e et e ettt et 00
3.1, Conditioned MEIUM. . . ... et e e 00
3.2, DefiNed MEAIUML . .o e e e 00
3.3, OtNEr SUD S AL . .+ v vttt et 00
4. Analyzing the MEF ContribDULION. . . ... ..o e e e e e 00
LT O] a1 = o 01 F= 1L KT 0 U] =L 00
B, SUIMIMIANY . ..ttt e e e e e e e e e 00
NoOte added IN PrOQf. . . . ..o et e 00
ACKNOWIBAGEIMENLS. . . . ..ottt e ettt e e e e e e e e e e 00
R ENCES. . . oottt 00

* Corresponding author. Tel.: +1 301 402 8246; fax: +1 301 480 1022.
E-mail addresses: mallonb@mail.nih.gov (B.S. Mallon), parkky@mail.nih.gov (K.-Y. Park), cheng@mail.nih.gov (K.G. Chen),
rebeccahamilton@mail.nih.gov (R.S. Hamilton), ronmckay@mail.nih.gov (R.D.G. McKay).

1357-2725/$ — see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biocel.2005.12.014

BC-2145; No. of Pages 13



+ Model

2 B.S. Mallon et al. / The International Journal of Biochemistry & Cell Biology xxx (2006) xxx—xxx

1. Introduction tial for contamination by pathogens, etc., from the mouse
feeder cells. Despite a recent publication suggesting
Human embryonic stem cell (hESC) lines are derived no evidence for infection of hESCs by feeder-derived
from the inner cell mass of 3-5-day-old blastocysts and viruses Amit et al., 2009, there is still some concern
were originally described byhomson et al. (1998nd over xenogeneic contaminants regarding future clini-
Reubinoff, Pera, Fong, Trounson, and Bongso (2080)  cal use of these cells. This is highlighted by a report
full description of the characterization of these cells is of contamination of hRESCs with Neu5Gc, a non-human
beyond the scope of this review, but has been reviewedsialic acid capable of inducing an immune response in
elsewhere Carpenter, Rosler, & Rao, 200®raper, humans Klartin, Muotri, Gage, & Varki, 2005 Apart
Moorer, Ruban, Gokhale, & Andrews, 200#owever, from restrictions concerning transplantation studies, the
the basic characteristics of these cells may be describedfeeder layer may be also an unwitting source of variabil-
as a high nucleus to cytoplasm ratio, prominent nucleoli ity in experimental conditiong{eng, Liu, & Cao, 2004
and distinct colony morphology. Human ES cells also Inthis review, we discuss the different approaches to cul-
possess high levels of telomerase activity and expressturing cells or deriving new lines on substrates other than
the surface markers, SSEA4, Tra-1-60 and Tra-1-81, but, MEFs. Cell lines on the US federal register are referred
unlike mouse ES cells, not SSEAR4ubinoff et al.,  to by both the supplier and NIH designated nomenclature
2000; Thomson et al., 1998n addition, they also show  throughout.
high expression of the POU transcription factor, Oct-4
(Reubinoff et al., 200Dand Nanog Chambers et al., 2. Alternative feeder cells
2003; Mitsui et al., 2008 They proliferate continuously
when maintained in appropriate culture conditions and  Several alternative cell lines have been investigated
differentiate into representatives of all three germ layers, for their ability to support existing hESC lines as well
i.e. endoderm, mesoderm and ectoderm, both in vitro as being used to derive new hESC lin&alfle 7. The
and in vivo. This differentiation is defined by the forma- mouse embryonic fibroblast cell line, STO, has been used
tion of embryoid bodies in vitro and teratomas in vivo to establish nine cell lines from frozen blastocysts and
(Thomson etal., 1998Teratomas form when embryonic  zygotes Park et al., 2004 The advantage of STO cells
stem cells are injected into severe combined immunod- over primary cultures of MEFs is that, being immortal-
eficient (SCID) mice and tissue types found include gut ized, they are easy to maintain and propagate. Human
epithelium, cartilage, bone and neural epithelium among ES cells cultured on this feeder layer exhibited a similar
others Thomson et al., 1998The potential to generate  doubling time to those on MEFs and expressed surface
and expand specific cell types in vitro has great impli- markers as expected. In addition, prolonged culture did
cations for drug discovery, toxicology and regenerative not lead to abnormal karyotypes. Howevy et al.
medicine. (2001) have found increased differentiation when con-
The original growth conditions for the derivation ditioned medium (CM) from these cells was used in
and culture of hESC lines were very similar to those feeder-free conditions. Thus, the STO line is not a direct
for mouse ES cell lines. It was soon discovered that, substitute for MEFs but can reduce some of the work
although mouse ES cells could proliferate and remain load regarding MEF isolation and culture.
undifferentiated inthe absence of afibroblastfeederlayer  To eliminate the murine element from feeder cells,
when leukemia inhibitory factor (LIF) was included in  Hovatta et al. (2003pave derived novel hESC lines on
the culture medium, this was not the case for hESCs neonatal human foreskin fibroblasts. The hESC lines
(Thomson et al., 1998LIF activates the STAT3/gp130  were grown on these fibroblasts for up to 9 months,
pathway but, despite activation of this pathway in hESC at which time they still expressed appropriate undif-
by the addition of exogenous LIF, it is insufficient to ferentiated hESC markers, had a normal karyotype and
maintain the self-renewal of these celdaheron etal.,  exhibited teratoma formation in SCID mice. These cells
2004. Thus, hESCs have been mostly derived and cul- are capable of 61 population doublings and have an
tured on a layer of mouse embryonic fibroblasts (MEFs). advantage over the STO cell line in terms of their human
The therapeutic potential of ES cells lies in the trans- origination.
plantation of differentiated cell types for disorders such Various human cell lines have been examined and
as Parkinson’s Disease and diabetes which arise fromcompared byRichards, Fong, Chan, Wong, and Bongso
loss, or non-function, of a single cell type. With a view (2002)andRichards et al. (2003pr the ability to sup-
to future transplantation of hESC derivatives, itisimpor- portthe hESC lines, HES-3 and HES-4 (ES03 and ES04).
tant, therefore, to eliminate or, at least reduce, the poten-nitially they compared fetal muscle, fetal skin and adult
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Summary of recent advances toward xeno-free culture of hESCs

Cell lines Substrate Key medium components Longest time inCharacterization Reference
culture Mkr Plur Kary
Novel STO cells 20% FBS >30 passages Yes EB Yes Park et al. (2004)
Novel Foreskin fibroblasts 20% FBS +LIF 9 months Yes Ter Yes Hovatta et al. (2003)
HES-3 FM fibroblasts MEF-CM >20 passages Yes Ter Yes Richards et al. (2002)
HES-4 FS fibroblasts
Novel AFT epithelial cells
HES-3 AS fibroblasts 20% FBS >30 passages Yes Ter Yes Richards et al. (2003)
HES-4 20% KSR
H1 Human marrow 20% KSR 13 passages Yes EB Yes Cheng etal. (2003)
stromal cells
Novel hES-df 20% KSR 44 passages Yes Ter, M Yes Stojkovic et al. (2005a)
Matrigel hES-df-CM 14 passages Yes N/D N/D
H1 hES-df 20% KSR 18 passages Yes Ter, M Yes
Matrigel hES-df-CM 12 passages Yes N/D N/D
H1 Matrigel MEF-CM 6 months Yes EB Yes  Xuetal. (2001)
H7 Laminin Ter Rosler et al. (2004)
H9 2 years
H14
BGO1 Matrigel MEF-CM >24 passages Yes EB Yes Brimble et al. (2004)
BG02 Fibronectin
BGO3
H1 Matrigel HEF-TERT-CM 14 passages Yes EB Yes Xu etal. (2004)
H7
H9
H7 Matrigel 40 ng/ml bFGE: other GFs 15 passages Yes EB Yes Xu, Rosler, et al. (2005)
H9 Ter
H1 Matrigel 40 ng/ml bFGF + 500 ng/ml Noggin 33 passages Yes EB Yes Xu, Peck, et al. (2005)
H9 Ter
H14
H1 Matrigel NIH/3T3Nog-CM, 40 ng/ml 7 passages Yes M Yes Wang et al. (2005)
bFGF + 500 ng/ml Noggin
13 Human fibronectin TGB1l+ LIF+bFGF >50 passages Yes EB Yes Amit et al. (2004)
16 Ter
H9
HSF6 Laminin 50 ng/ml activin A, 50 ng/ml KGF, >20 passages Yes Ter Yes Beattie et al. (2005)
10mM NIC
H1 Matrigel 25 ng/ml activin A Yes EB N/D  James et al. (2005)
BGN1
BGN2
H9 FBS CDM + 10 ng/ml activin + 12 ng/ml 10 passages Yes EB Yes \Vallier et al. (2005)
bFGF
H1 Matrigel Laminin X-VIVO 10 + 80 ng/ml bFGF >240 days Yes Ter Yes Lietal. (2005)
H1 MEF-ECM 8% KSR +8% plasmanate + 16 ng/ml 20 passages Yes EB Yes Klimanskaya et al. (2005)
H7 bFGF + 20 ng/ml LIF
H9
4 others
Novel 6 months
H1 Human serum hES-df-CM 27 passages Yes M Yes Stojkovic et al. (2005b)
Novel

Abbreviations: AFT, adult fallopian tube; AS, adult skin; CDM, chemically defined medium (1:1 IMDM:F12 supplemented with insulin, transferrin,
monothioglycerol and bovine serum albumin fraction V); FBS, fetal bovine serum; FM, fetal muscle; FS, fetal skin; HEF-TERT-CM, conditioned
medium from human ES cell-derived fibroblasts, stably transfected with TERT; hES-df, human ES cell-derived fibroblasts; hES-df-CM, human ES
cell-derived fibroblast conditioned medium; KGF, keratinocyte growth factor; KSR, knockout serum replacement; LIF, leukemia inhibitory factor;
MEF-CM, mouse embryonic fibroblast conditioned medium; MEF-ECM, extracellular matrix of MEFs; NIC, nicotinamide.
Characterization key: Mkr, normal undifferentiated marker expression; Plur, pluripotency determined by embryoid body formation in vitro (EB),
teratoma formation in vivo (Ter) or by monolayer differentiation in vitro (M); Kary, normal karyotype; N/D, not described.

2 Authors describe some abnormalities at late passage consistent with previous observations for cells grown on MEF feeders.
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fallopian tube epithelial cells, all of which were found original culture. In addition, hESC-df may be derived
to support undifferentiated hESC culture through 20 from the hESCs at any time, unlike MEFs which are
passagesRichards et al., 2002 At this time, human best used between passages 4 and 6 and thus require
serum was substituted for fetal bovine serum (FBS) in continuous isolation from fetal mice.
the fetal fibroblast culture medium to further reduce The use of mouse cell lines, such as STO, as feed-
potential contamination by animal products. However, it ers eliminates the need for repeated generation of new
was later found that increasing differentiation of hESCs MEF cultures with the intrinsic potential for variability
was observed beyond 10 passages when fibroblasts werén quality and ability to maintain hESCs. This approach
maintained in human serunRichards et al., 2003 does not address the xenogeneic problems which may
The growth medium was, therefore, switched to stan- be overcome by using human feeders, especially those
dard growth medium supplemented with 20% knockout derived fromthe original cell line. However, use of feeder
serum replacer (KSR) or FBS. In this study, the com- cells in a co-culture system will always exhibit inherent
parison of human feeders extended to include severalvariability and so feeder-free culture would be prefer-
cell lines derived from other adult tissues but it was able.
determined that the best lines were still those of fetal ori-
gin. The hESCs were grown for more than 30 passages3. Feeder-free culture
and maintained normal undifferentiated hESC marker
expression and karyotype. The contribution of MEFs to the culture of hESCs
Adult bone marrow is the source of many different is not fully understood but efforts to eliminate their
types of stem cells. Known as the primary site of syn- use must account for ECM molecules, i.e. provide a
thesis of the hematopoietic system, it has the ability to suitable substrate, as well as for soluble growth fac-
produce a microenvironment that can maintain hESCs in tors and other trophic factors. In terms of substrate,
an undifferentiated state. Human marrow-derived stro- Matrigel was the initial matrix of choice in the feeder-
mal cells (hMSCs) were expanded in culture and used asfree culture of hESCs. Matrigel is the manufacturer’s
a feeder layer for H1 cells (WAO1heng, Hammond,  Trademark for extracellular matrix extracted from the
Ye, Zhan, & Dravid, 2008 They were found to sup-  Engelbreth—Holm-Swarm tumor originally described by
port undifferentiated growth of karyotypically normal Kleinman et al. (1982)As it is mostly comprised of
hESC for 9 passages and were still being cultured at 13 laminin and collagen, these molecules have also been
passages. The use of human-sourced cell lines carrieaused, in purified form, to avoid lot-to-lot variations in
its own risks, particularly with respect to pathogens or the Matrigel extract. Soluble factors may be provided by
potential immunoreaction. The advantage of these cells using normal hESC medium conditioned by overnight
lies in the fact that unrelated hMSCs do not generate incubation with MEFs or other cell types described in
alloreactive T lymphocytes in culture or in large animals. the previous section.
This would suggest that they may not induce an immune
response if they were to be transplanted to humans along3.1. Conditioned medium
with differentiated hESCs. However, the authors stated
that the proliferation rate of the hMSCs dropped off after Several different sources of conditioned medium have
six passages thus requiring continuous isolation from been tested for their ability to sustain undifferentiated
human marrow for prolonged culture of hESCs. This hESC culture and are summarizedTiable 1 In 2001,
provides little gain, in terms of work load, over the use Xu et al. compared the culture of various WiCell lines
of MEFs. on Matrigel, laminin, fibronectin and collagen IV in the
Recently, Stojkovic et al. (2005a)have derived presence of MEF-CM. They found that the cells sur-
fibroblast-like cells from hESC cultures, denoted hESC- vived poorly and differentiated rapidly when cultured on
df, and used them as a feeder layer for H1 cells (WAOQ1). gelatin, but both laminin and Matrigel, which contains
These hESC-df cells were shown to express markers sim-a significant proportion of laminin, were able to sup-
ilar to fibroblasts and were passaged weekly for up to 12 port undifferentiated growth of the hESCs. The authors
weeks. They were capable of supporting undifferentiated also found that hESCs express both integithandp1,
growth ofthe hESCs for atleast 44 passages, and mediumsuggesting they may be capable of expressing a laminin-
conditioned by the hESC-df allowed hESC growth on specific receptor. The expression of these integrins was
Matrigel for 12—-14 passages. Apart from being of human not affected by the culture conditions. They further
origin, this method is advantageous in that the feeder tested CM from other cell lines, including the mouse
layer introduces no particles which are foreign to the fibroblast STO line, and found that they did not support
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undifferentiated hESC growth as well as MEF-CM. H9 growth factor (bFGF), stem cell factor (SCF) and fetal
cells (WAQ9) have been cultured in this feeder-free envi- liver tyrosine kinase-3 ligand (FIt3LXu, Rosler, et al.
ronment for at least 2 years and remain undifferentiated (2005)tested the ability of combinations of these, and

(Rosler et al., 2004 other growth factors, to support undifferentiated growth
Bresagen hESC lines have also been cultured in of H7 and H9 cells (WA07 and WAQ9) on Matrigel. They
feeder-free conditions using MEF-CNBiimble et al., foundthat 40 ng/ml bFGF was sufficientto maintain cells

2009. Using Matrigel or fibronectin-coated plates, for up to 15 passages with appropriate surface marker
BGO03 was shown to remain undifferentiated and kary- expression. Cells cultured in this manner were found to
otypically normal after 6 passages on Matrigel fol- exhibit a normal karyotype and were able to form both
lowed by 10 passages on fibronectin. A comparison of EBs and teratomas.
MRNA expression between cells cultured on MEFs and  Xu, Peck, et al. (20053arried out a similar study in
in feeder-free conditions was performed using focused which they stated that, in unconditioned medium, hESCs
arrays and the expression profile was found to be simi- are subjected to high levels of BMP signaling, which
lar. This suggests that there are no additional stresses orare reduced in MEF-CM. They found that a combina-
the cells in feeder-free conditions leading to activation tion of the BMP antagonist, Noggin (500 ng/ml), and
of alternative signaling pathways. bFGF (40 ng/ml) was sufficient to sustain undifferenti-
Since the initial studies oKu et al. (2001) there ated growth of several WiCell lines on Matrigel. It was
has been further investigation of the use of human cells proposed that Noggin synergizes with bFGF to repress
to generate CM capable of sustaining undifferentiated BMP signaling, thereby sustaining this undifferentiated
growth of hESCs in feeder-free conditions. Fibroblast- proliferation. In this study, the authors also examined the
like cells have been derived from H1 cells (WAO1), use of laminin as a substrate and showed that, although
denoted HEF1, and immortalized by infection with a it could also be used in this system, there was much
retrovirus expressing human telomerase reverse tran-variability. These culture conditions were found to be
scriptase (TERT)Xu et al., 2004. It was found that con-  incapable of supporting clonal growth of hESCs which is
ditioned medium from these cells supported the growth important in the absolute determination of pluripotency
of both H7 and H9 cells (WA07 and WAQ9) on Matrigel. or in gene manipulation experiments. Cultures were
After 13 passages these cells expressed the relevantaintained for 33 passages at which time the hESCs
surface markers and were karyotypically normal. This stained with expected surface markers and exhibited a
approach addresses two issues: the xeno component ohormal karyotype. Pluripotency was demonstrated by the
MEF-CM and ease of use of an immortalized cell line formation of EBs in vitro and teratomas in vivo.
versus primary culture. As described in the previous sec- A different approach has also led to the use of Nog-
tion, conditioned medium from hES-df supported growth gin in feeder-free culture. NIH/3T3 cells are a mouse
of H1 cells (WAO1) on Matrigel for 12—14 passages fibroblast cell line but, unlike MEF-CM, conditioned
(Stojkovic et al., 2005a medium from these cells does not support feeder-free
The use of human feeders versus mouse feeders inculture of hLESCsWang et al. (2005¢gompared MEFs
the generation of conditioned medium is preferable with and NIH/3T3 cells for the expression of various signaling
respect to xeno-contamination concerns and, if derived molecules and found that several factors, including Nog-
from the cell line itself, eliminates any other cross- gin, were expressed only by MEFs. Using a retroviral
contamination issues. However, by its nature CM will vector, they transduceNOG, which codes for Nog-
contain levels of growth factors and other molecules gin, into the NIH/3T3 cells and showed that conditioned
which are undefined and, hence, will be subject to vari- medium from the transductants was able to sustain undif-

ability. ferentiated culture of H1 cells (WAO1). However, they
found that Noggin alone was unable to sustain prolonged,
3.2. Defined medium undifferentiated culture at 500 ng/ml and that 40 ng/ml

or 80 ng/ml of bFGF alone could support undifferenti-
The use of CM has obviously been of great value in ated growth only up to about 15 days. This appears to
establishing the feeder-free culture of hESCs but sev- disagree with the data &fu, Rosler, et al. (2005)hich
eral novel methods have been developed recently to usecould, perhaps, be due to differences in local culture con-
more defined media to support culture of hESCs without ditions or the cell lines used. A combination of both
feeders and, in some cases, without Matrigel(e J). 500 ng/ml Noggin and 40 ng/ml bFGF was able to main-
Human ES cells have been found to express recep-tain growth of the H1 cells up to at least seven passages.
tors for various growth factors including basic fibroblast These cells expressed high levels of Tra-1-60, exhibited
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Fig. 1. 13 cells (TEO3) cultured on Matrigel for nine passages in 100 ng/ml bFGF. (a and f) Phase images of immunostained colonies shown in (b—e
and (g—j), respectively (20); (b) Nanog (ReproCell Inc); (c) Oct-4 (Santa Cruz Biotechnology Inc.); (d) Hoescht stain (Sigma), (e) Nanog/Oct-4
merged image; (g) SSEA1 (gift from Peter Andrews, Sheffield University); (h) SSEA4 (Santa Cruz Biotechnology Inc.); (i) Hoescht stain (Sigma);
(j) SSEA1/SSEA4 merged image; (k) FACS analysis with SSEA1 (left) or SSEA4 (right). The marker line was drawn to include approximately 5%
of the negative control. Data were collected with the BD FACSCalibur system and analyzed using FCS Express software.
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Fig. 1. (Continued).

a normal karyotype and were able to differentiate in culture conditions. Moreover, although the parameters
vitro. tested were inferior to culture on MEFs, the difference
In the NIH Stem Cell Unit, we have tested the wasfoundtobe marginal. Thiswas manifested as alower
40 ng/ml bFGF/Matrigel combination with two cell lines  growth rate and cloning efficiency and a higher rate of
differentto those used in the above studies—I3 and HSF- spontaneous differentiation. Cells were maintained for
6 (TEO3 and UCO06). Despite initial promising findings, over 50 passages.
these cells also showed extensive differentiation after  Beattie et al. (2009)ave shown that hESCs grown on
about three and seven passages, respectively. Currenlaminin in the presence of activin A, nicotinamide (NIC)
studies with 100 ng/ml bFGF on Matrigel show undif- and keratinocyte growth factor (KGF) remain undiffer-
ferentiated morphology and marker expression up to 11 entiated during continuous growth over 20 passages.
and 15 passages using 13 and HSF-6 cells (TEO3 andActivin A is thought to block differentiation as removal
UCO06), respectively, or up to 6 passages with 40 ng/ml of activin A from the growth medium resulted in a rapid
bFGF plus 100 ng/mI Noggin using I3 cells (TE03). Both change in cell morphology to a differentiated phenotype
cell lines have also shown promising growth on mouse within a week with loss of Nanog expression. In con-
laminin (Roche) with 100 ng/ml bFGF up to three pas- trast, when either KGF or NIC was removed from the
sageskFigs. 1 and Zhow phase images, immunostaining medium, the cells maintained their undifferentiated phe-
and FACS analysis of TEO3 cells cultured on Matrigelfor notype. However, there was a significant difference in
nine passages or on laminin for three passages, respeceell proliferation when cells were cultured with activin,
tively. Under both conditions the cells express highlevels KGF or NIC alone compared with a combination of the
of Oct-4, Nanog and SSEA4 with low expression of three factors. The authors noticed a gradual change of
SSEAL. These data demonstrate that 13 cells (TE03), the hESC appearance from the usual tight colony for-
under these conditions, remain undifferentiated. mation to an irregular monolayer of uniformly shaped
Matrigel has been extremely useful in establishing cells. The cells appeared largerthan those observed in the
feeder-free cultures but, since it may contain unknown original colonies. With continuous growth, they eventu-
factors and is of mouse origin, alternative substrates of ally formed a continuous monolayer and mounded up in
human origin are being investigated in the push toward the dish. However, these changes were reversible; when
a totally xeno-free culture system. These efforts are cells were placed back on feeder layers, they gradu-
summarized ifTable 1 Amit, Shariki, Margulets, and  ally resumed colony formation similar to that previously
Itskovitz-Eldor (2004have reported a method that uti- observed on feeder layers.
lizes human fibronectin-coated plates and medium sup- The role of activin has also been investigated by
plemented with 15% serum replacement in the presenceJames, Levine, Besser, and Hemmati-Brivanlou (2005)
of TGFR1, LIF and bFGF to successfully support the They found that, in the undifferentiated state maintained
growth of 13, 16 and H9 cells (TEO3, TEO6 and WAQ09). by growth in MEF-CM, SMAD2/3 was phosphorylated
They found that the best conditions were a combina- and localized to the nucleus of hESC, indicating acti-
tion of TGH31 and bFGF with or without LIF. Although  vation of the TGR/activin/Nodal pathways. Further-
they discovered some karyotypic abnormalities at later more, phosphorylation and nuclear localization were
passages, the authors stated that these were no more conteduced in cells allowed to differentiate by growth in
mon than have been discussed elsewhere under standardon-conditioned medium (hCM). The authors also found
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Fig. 2. 13 cells (TEO3) cultured on laminin for three passages in 100 ng/ml bFGF. (a and f) Phase images of immunostained colonies shown in (b—
and (g—j), respectively (20); (b) Nanog (ReproCell Inc); (c) Oct-4 (Santa Cruz Biotechnology Inc.); (d) Hoescht stain (Sigma); (e) Nanog/Oct-4
merged image; (g) SSEA1 (gift from Peter Andrews, Sheffield University); (h) SSEA4 (Santa Cruz Biotechnology Inc.); (i) Hoescht stain (Sigma);
(j) SSEA1/SSEA4 merged image; (k) FACS analysis with SSEA1 (left) or SSEA4 (right). The marker line was drawn to include approximately 5%
of the negative control. Data were collected with the BD FACSCalibur system and analyzed using FCS Express software.
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Fig. 2. (Continued).

that, in the undifferentiated state, SMAD1/5 phospho-
rylation was barely evident but upon differentiation,
phosphorylation was globally increased and localized
to the nucleus. Activation of SMAD2/3 by the addi-
tion of activin A to nCM not only increased phos-
phorylation of SMAD2/3 but also reduced phosphory-
lation of SMAD1/5 to levels comparable with those
of hESC grown in MEF-CM, demonstrating an input
of SMAD2/3-mediated signaling on the suppression of
SMAD1/5 activation. Activin A in nCM also restored
high level expression of both Oct-4 and Nanog. A mor-
phological change of the hESC through extended culture
was noted.

Most recently, Vallier, Alexander, and Pederson
(2005)have demonstrated the role of the activin/Nodal/
TGFB pathway in the maintenance of pluripotency of
H9 cells (WAQ9) cultured on FBS-coated plates in a
chemically defined medium (CDM). It was found that
inhibition of activin/Nodal signaling, but not inhibition
of Nodal alone, resulted in increased differentiation of
the cells. Addition of activin, but not TG#, in these
feeder-free conditions was sufficient to maintain cells in
their undifferentiated state in the short term (three pas-
sages). However, for longer term growth, it was found
that bFGF in combination with activin or Nodal was best

the described culture conditions still use KSR which
contains bovine serum albumin and other animal-
derived productdLi, Powell, Brunette, Lebkowski, and
Mandalam (2005have investigated the use of a medium
previously used for hematopoietic stem cell culture
which is composed solely of human derived and recom-
binant proteins (X-VIVO 10). Cultures of H1 cells
(WAO1) were originally adapted to this culture medium
on Matrigel but were subsequently adapted to growth on
human laminin. Cells were cultured for over 20 passages
inthese conditions without detriment to the expression of
undifferentiated markers, karyotype and pluripotency as
determined by teratoma and EB formation. These culture
conditions have beentestedinthe NIH SCU using I3 cells
(TEO3) with little initial success. However, the advan-
tage of a medium or a supplement which is completely
human or recombinant sourced is clear and should be
investigated further.

These reports demonstrate that undifferentiated cul-
ture of hESCs in a more defined medium is certainly
possible and gives some insight into the pathways impor-
tant for self-renewal and pluripotency. However, the cost
ofthe described reagents is currently quite prohibitive for
large-scale culture in the doses described. This could be
addressed in the future by more effective manipulation

and arole for FGF as a competence factor was proposed of the pathways involved.

These data are in concert with those\oiit et al. (2004)
who found that a combination of T@RaNnd bFGF could
maintain the undifferentiated status of hESCs cultured
on human fibronectin. In the NIH Stem Cell Unit, we
have also tested the use of activin Ain feeder-free culture.

3.3. Other substrates

Apart from standard extracellular matrix molecules,
some groups have tested alternative substrate sources

HSF-6 cells (UC06) have been grown for seven passageswhich are listed inTable 1 Klimanskaya et al. (2005)

in NCM containing 10 ng/ml bFGF and 25 ng/ml activin
A and remain morphologically undifferentiated.

A purely defined medium would be of great advan-
tage with respect to enhancing reproducibility and stan-
dardization of a culture protocol. However, most of

have developed a serum- and feeder-free culture system
based on tissue culture plates coated with extracellu-
lar matrix (ECM) derived from MEFs. This substrate
was tested with several established lines (WA01, WAQ7
and WAQ9) among others and was found to support the
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undifferentiated growth of all. In addition, a novel cell renewal, as well as Nanog expression, were enhanced
line was established on this matrix and was supported for relative to 2D surfaces and suggested that dimensional-
more than 30 passages at time of going to press. Onceity may play arolein ‘stemness’inmESCs. It will be very
prepared, the ECM may be stored &Clor even steril- interesting to see if these observations apply to hESCs.
ized by prolonged heat exposure. The advantages of thisOne caveat to the use of these scaffolds for routine cul-
include some labor-saving in that feeder layers may be ture is that the authors do not describe further passaging
prepared ahead of time and stored but also in that steril- of the cells after initial attachment and growth. It could
ization will eliminate potential pathogenic contaminants. be that recovery is not simple or may require trypsin
This may also prove to be a more cost-effective alterna- which is not preferred in hESC culture.
tive to other expensive matrices. In the NIH Stem Cell Although the MEF-ECM and HS matrices may be
Unit, we have derived a clonal line from 13 cells (TE03) useful in addressing some xenogeneic contamination
on a similarly prepared ECM. This line was expanded in issues, they are still subject to variability. Concerns
MEF-CM for two passages before switching to standard regarding variability and sources of these and the other
culture medium containing 20% KSR and 4 ng/ml bFGF. substrates described may be overcome by using some
Cells grew as discrete colonies as described by Kliman- form of synthetic matrix and we anticipate that this field
skaya and stained with appropriate hESC markers afterwill see significant advances shortly.
four passages (data not shown).

Stojkovic et al. (2005b)have described a novel 4. Analyzing the MEF contribution
method of hESC culture using a combination of human
serum (HS) matrix and conditioned medium from hESC- It is clear that MEFs provide critical materials both
derived fibroblasts (segtojkovic et al., 20058or deriva- in terms of substrate as well as soluble molecules, such
tion). The HS matrix contains ECM components, such as growth factors, which maintain the hESCs in their
as hyaluronic acid, fibronectin and vitronectin, as well as undifferentiated, pluripotent state. However, our under-
other unknown human factors and supports the attach- standing of the precise role of MEFs in this maintenance
ment and growth of undifferentiated cells. This substrate is somewhatlimited. Some efforts have been made to dis-
was capable of supporting the undifferentiated growth of sect the potential players in this role, particularly with
H1 cells (WAO1) for 27 passages. Further defining the respect to the components of MEF-CMrf & Bodnar,
human factors could lead to discovery of key regulatory 2002, which have been shown to help cultures retain
molecules that control the differentiated or undifferenti- their self-renewal properties on Matrigel and other sub-
ated status of hESCs. strates. This proteomics-driven investigation, although

There have also been some recent advances in thepreliminary, revealed the complexity of proteins found
use of synthetic matrices for the culture of stem cells. A in the CM that included intracellular proteins as well as
synthetic three-dimensional (3D) matrix, composed of extracellular matrix proteins and those associated with
cellulose acetate, has been used in the study of humancell adhesion and growth. However, MEF-CM alone is
embryonic germ cell derivatives which share some prop- not sufficient to maintain hESCs in the undifferentiated
erties with hESCsYim & Leong, 2005. When immo- state—there is also a requirement for a substrate such as
bilized with growth factors or cell-adhesion molecules laminin, fibronectin or MatrigelXie, Lin, Luo, Luo, and
such 3D scaffolds can mimic the characteristics of a Lu(2004)have compared the differencesin total proteins
natural extracellular matrix. The authors found that the expressed in MEFs, not just those in the CM, before and
3D culture not only enhanced cell culture, but length- after irradiation. These authors found proteins that were
ened the proliferation period. However, the cells used in thought to be involved in ECM formation, cell differenti-
this study were germ cell derivatives and it is unclear ationandapoptosis among others. Afuller understanding
if hESCs would be able to maintain an undifferentiated of the role that MEFs play in the maintenance of hESCs
state on this matrix. Indeed, most studies with synthetic will allow more precise manipulation of these cells in a
substrates and stem cells are largely concerned with theirfeeder-free environment.

differentiation (reviewed irLutolf & Hubbell, 2005. Other studies have taken a more fundamental
The first report of such a scaffold being used for undif- approach to understanding the signaling pathways
ferentiated culture of ESCs comes frovr-E-Kamal, involved in hESC self-renewal. It is well known that

Ahmed, Kamal, Schindler, and Meiners (2006ho mouse ES cells can remain undifferentiated without

have recently used a commercially available synthetic feeder layers when the medium is supplemented with
polyamide matrix (UltraWeb) for the growth of mouse LIF. This, however, is not the case with hESTh@mson
ESCs. The authors showed that proliferation and self- etal., 1998. Itis thought that activation of STAT3 viathe
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LIF receptor is sufficient to maintain mouse ES cells in Other possible non-human components of the com-
the undifferentiated state but, despite the demonstrationmonly used KSR include transferrin and Albumax—a
of an active LIF/STAT3 pathway in hESC, it has been lipid-rich derivative of bovine serum albumin. This may
shown that this is not sufficient in these celBaheron raise some concern over the standard hESC culture
etal., 2004. In addition, MEF-CM did notinduce Y705 medium and may supporta move to human-derived com-
phosphorylation of STAT3, suggesting that CM trig- ponents such as human serum. Unfortunately, some of
gers other pathways to self-renewal in these cells. Onethe problems in substituting human serum in the existing
pathway implicated in hESC pluripotency is the canon- culture protocols involve a concern over its inherent vari-
ical Wnt signaling pathway. Using a GSK-3-specific ability and the potential for transmission of more serious
inhibitor, BIO, Sato, Meier, Skalsounis, Greengard, and pathogens than those carried by mouse feeders or bovine
Brivanlou (2004)showed that activation of this path- serum. Any overlooked or undetected pathogenin human
way was able to maintain pluripotency in both mouse serum does not need to cross a species barrier to cause
and human ES cells. T@rhas also been demonstrated untold harm to the transplant recipient and could indeed
to help maintain the pluripotent state of hESCs, a role be more likely to cause an immune response.

whichis enhanced by the use of bFG¥r{it et al., 2004. This may underscore the need to address the issue
It has recently been proposed that FGF acts as a compeof recombinant components such as those described
tence factor for activin/Nodal/TG&in the maintenance by Li et al. (2005) The proprietary ‘X-VIVO 10’

of pluripotency/self-renewal and that the Wnt signaling medium used in this study may also have other bene-
cascade feeds into this pathwayallier et al., 200%. fits as the authors describe proliferation being increased
This role for FGF may involve activation of the PI-3- under those culture conditions. However, only total cell
kinase/Akt pathwayKim et al., 2009 although direct counts at inoculation and harvest are monitored and the
evidence for this has to be established. Finally, inhibi- authors do not address the questions of cell death and
tion of the BMP signaling pathway, which is suggested survival.

to drive differentiation of hESCs, may also be important

(Xu, Peck, et al., 2005Investigation and manipulation 6. Summary

of these pathways will be useful in the drive to feeder-

free culture in defined culture environments. This review has summarized the move from standard
culture on MEFs, through immortalized mouse fibroblast
5. Contaminant sources cell lines and human cell lines to the use of condi-

tioned medium in feeder-free cultures and ultimately a

One of the most critical reasons for pursuing the totally defined culture system. Each approach has its own
undifferentiated culture of hESCs, without mouse feed- unique advantages and disadvantages which we summa-
ers or conditioned medium, lies in preventing contam- rize in Table 2
ination of the culture by non-human pathogens which  In general, the culture systems described have suc-
would rule out transplantation studies in the future. cessfully supported the attachment and growth of undif-
A recent study showed that there was no infection of ferentiated hESCs. The hESCs grown under feeder-free
hESCs by murine leukemia viruses (MuLV) derived conditions retained expression of specific cell-surface
from mouse feederg\nit et al., 2009 despite evidence  and intracellular hESC markers such as SSEA3, SSEA4,
of humantropic MuLV in the feeder systems and expres- Tra-1-60, Tra-1-81, Oct-4 and Nanog. Pluripotency was
sion of receptors for several MuLVs in hESCs. This may most commonly evaluated by the formation of embry-
be a cause of some optimism. oid bodies (EBSs) in vitro or of teratomas in SCID mice

Feeder cells, however, may not be the only route by upon transplantation (sable J. Although it has been
which foreign material is introduced to the culture. This found that prolonged feeder-free culture canlead to kary-
was demonstrated by another report which showed thatotypic abnormalities@raper et al., 2004 most of the
hESCs carried a sialic acid (Neu5Gc) on their surface that currently reviewed studies describe no aneuploidy in the
was not human. This molecule was shown to originate, hESCs, where tested. Still, this must remain a concern
not from the MEFs as may have been expected, but ratherand should be routinely monitored for any future trans-
from the commercial serum replacement in the medium plantation studies.
(Martin et al., 200%. As most healthy people have circu- Of the feeder-free methods tested in the NIH Stem
lating antibodies to this sugar molecule, the possibility Cell Unit, we find the most reproducibly successful has
exists that it could elicit an immune response if cells been the use of 100 ng/ml bFGF on Matrigel. How-
cultured in this medium were transplanted to humans. ever, apart from the murine origin of the substrate, this
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Table 2
Advantages and disadvantages of different approaches to xeno-free culture of hESCs
Alternative method Advantages Disadvantages
Human feeders Eliminates xenogeneic feeder component No reduction in work load
Immortalized cells as feeders Reduces work load slightly Xenogeneic feeder component
Reduces feeder lot variability
ECM + MEF-CM Reduces work load moderately Xenogeneic feeder component
Less variable substrate Still need to grow fibroblasts—possible variability in CM
ECM+HEF-CM Reduces work load moderately Still need to grow fibroblasts—possible variability in CM

Less variable substrate

ECM + high GFs or signaling molecules Reduces work load significantly High cost
Less variable substrate
Can eliminate xenogeneic feeder component
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